R
ecombination signal sequence-binding protein J (RBP-J), the mammalian homologue of the Drosophila Suppressor of Hairless protein, is a highly conserved transcription factor that is ubiquitously expressed from the stage of embryonic stem (ES) cells to adult (1) . RBP-J plays a central role for the signal transduction of Notch receptors that are critically involved in the control of embryonic and adult development (1, 2) . After activation by one of its cognate ligands of the Delta and Serrate͞Jagged family, the Notch receptor transmembrane domain is proteolytically cleaved, releasing the Notch intracellular domain (N IC ) from the membrane. The N IC then translocates to the nucleus, where it can modulate gene expression via association with RBP-J. Thus, sequence-specific DNA binding of RBP-J directs Notch transactivation to target genes specific for this pathway. In the absence of N IC , RBP-J acts as a transcriptional repressor, but on binding to N IC , RBP-J is converted to a transcriptional activator. In addition to mediating repression and Notch-dependent transcriptional activation, a Notch-independent, cell-type-specific autoactivation function has been described for Suppressor of Hairless in Drosophila (3) .
Notch signaling mediates a wide array of cell fate decisions in many tissues (2) . Expectedly, mutations in the components of the Notch signaling pathway have severe clinical consequences. For example, translocations of the human Notch1 locus (TAN1) result in leukemia (4) , and mutations in the human Notch ligand Jagged1 are associated with Alagille syndrome, an autosomal dominant disorder involving multiple organs, including the heart (5, 6).
Notch and its cognate ligands are expressed in the heart region of vertebrate embryos before and after formation of a linear heart tube (7) (8) (9) (10) (11) . In Xenopus, Notch͞RBP-J signaling is involved in the specification of myocardial and nonmyocardial cell fates within the early heart field (12) . Mice with a null mutation in either Notch1 or RBP-J exhibit, among other complex defects, pericardial edema and die early in embryonic development (13) (14) (15) . Whether these malformations are caused by aberrant heart field patterning and͞or result from alterations in cardiogenic development at an earlier stage of development remains to be addressed.
In the hematopoietic system, Notch signaling influences cell fate at several stages during differentiation of hematopoietic stem cells along the T and B cell and myeloid lineages (16) (17) (18) (19) (20) . Nevertheless, the precise functions of this signaling pathway in hematopoiesis remain to be elucidated, mainly because of the complexity of the mammalian Notch signaling system (21): thus far, four different Notch receptors and five different ligands for Notch (Delta-like 1, 3, and 4 and Jagged 1 and 2) have been identified in mammals. To date, little is known about potential functional differences between the four Notch receptors or between the different ligands.
The central role of RBP-J in signaling of all four Notch receptors makes it an attractive target by which to study the biological importance of this regulatory system in mammals. However, the death of RBP-J-deficient mice early in development, exhibiting gross developmental abnormalities similar to but more severe than those of the different Notch null mutant mice (14) , precludes investigation of developmental systems beyond day 10 of gestation.
To understand further the role of Notch͞RBP-J signaling in the development of mesodermal cell lineages, we analyzed the differentiation of RBP-J-deficient ES cells, employing an in vitro culture system that allows the differentiation of ES cells into cardiac muscle, endothelial, and hematopoietic cells. In this culture system, ES cells are cocultured with the stromal cell line OP9, which was established from macrophage colonystimulating factor (M-CSF)-deficient mice (22) . The absence of M-CSF in the culture system prevents the dominant production of macrophages and, thus, allows the efficient generation of the other cell lineages. Recapitulating in vivo development, ES cells cultured on OP9 first differentiate into embryonic mesodermal cells and then, further, into endothelial cells and cardiomyocytes, as well as primitive nucleated erythrocytes and definitive hematopoietic cells including definitive erythrocytes and myeloid and B lymphoid cells (23, 24) . The different stages of ES cell differentiation can be followed by the expression of stagespecific cell surface markers, and the respective populations can be purified by fluorescence-activated cell sorting (FACS; ref. 25) . In this study, we have investigated the developmental potential of RBP-J-deficient ES cells in vitro when grown on OP9 stromal cells.
Materials and Methods
Plasmid Constructions. Reading frames for murine RBP-J and VP16-RBP-J derived from the plasmids pCMX-mRBP-J and pCMX-VP16-mRBP-J (26) and for a histone 2B-GFP fusion protein derived from the plasmid pBOS-H2B-GFP (PharMingen) were cloned into the expression vector pCAG-IP (27) . CMV-RBP-J-GFP and CMV-VP16-RBP-J-GFP were generated by cloning the same reading frames into CMV-Exp3-GFP (28) .
In Vitro Differentiation of ES Cells. ES cell lines were maintained on gelatin-coated culture dishes in the presence of leukemia inhibitory factor. To generate mesodermal cells, ES cells were allowed to differentiate on collagen type IV-coated plates for 4 days (25). Lateral plate mesodermal cells then were isolated by FACS of Flk1 ϩ cells with an average purity of 85%. To generate endothelial-hematopoietic precursor cells, ES cells were differentiated on OP9 stroma (22) . After 5 days, platelet-endothelial cell adhesion molecule (PECAM) 1 ϩ cells were sorted and then cultured on OP9 for further differentiation or used in methylcellulose colony assays. To assess the development of endothelial colonies, Flk1 ϩ cells were cultured on OP9 stroma and PECAM-1 ϩ colonies were counted after 6 days. To induce the development of cardiomyogenic colonies, Flk1 ϩ cells generated from ES cells were cultured on OP9 stroma in the presence of stem cell factor. Six days later, cultures were counted for spontaneously contracting colonies and assayed for Nkx-2.5, GATA4, and ventricular myosin expression. Induction of hematopoiesis was performed by culturing PECAM-1 ϩ cells on OP9 in differentiation medium containing 100 units͞ml stem cell factor, 60 units͞ml IL-7, and 50 units͞ml Flt3-ligand (R & D Systems) for 12 days. Half of the culture medium was exchanged every 4 days, and the hematopoietic cells that had arisen were analyzed by flow cytometry. To determine the frequency of hematopoietic precursors, PECAM-1 ϩ cells were cultured in methylcellulose colony assays in the presence of 100 units͞ml stem cell factor, 200 units͞ml mouse IL-3, 100 units͞ml granulocyte CSF, and 2 units͞ml erythropoietin. In some assays, Flt3-ligand, IL-6, thrombopoietin, and granulocyte CSF͞M-CSF, each at 10 ng͞ml, were also added. Colonies were scored after 8 days. Mixed colonies consisted of erythroid cells and at least two other cell lineages. Pure erythroid colonies on day 8 were attributed to burst-forming unit E, and colonies containing granulocytes and͞or macrophages were attributed to granulocyte͞macrophage. Cytospin preparations were stained by using Hemacolor staining reagents. were transfected with the following plasmids: 1 g of (RBP-J RE) 12 -Luc or (minimal promoter)-Luc [pGa50-7, firefly luciferase reading frame under the control of a minimal promoter (29) ], 0.1 g of phRL-CMV, and 1 g of Bluescript.
Stable Transductions and Selection Procedure. ES cells were stably transduced by electroporation using standard procedures and selection in 1 g͞ml Puromycin (Sigma).
Antibodies. FITC-conjugated mAb against Ly9.1, Gr-1, Ter119, and Flk1 and phycoerythrin-conjugated mAb against CD19 and PECAM-1 were used for FACS (PharMingen). Mac-1, B220, c-kit, and VE-cadherin mAbs used for FACS were all conjugated to allophycocyanin; the latter two were done in our laboratory. Unconjugated PECAM-1 mAb (PharMingen) was used as a marker for endothelial colonies and was detected by goat anti-rat Ig (HϩL; The Jackson Laboratory). Unconjugated ventricular myosin mAb (Alexis, Lausen, Switzerland) was used for immunostaining and was detected by using goat anti-mouse Ig conjugated to horseradish peroxidase (BioSource International, Camarillo, CA). Unconjugated antiventricular myosin also was detected by goat anti-mouse Ig conjugated to Alexa Fluor 488. Immunofluorescence was performed by using unconjugated goat anti-GATA4 or rabbit anti-Nkx-2.5 (A-16, Santa Cruz Biotechnology). These were detected by donkey anti-goat Ig (HϩL) or goat anti-rabbit Ig (HϩL) conjugated to Alexa Fluor 594 (Molecular Probes).
Fluorescent Cell Sorting and Analysis. Fluorescent cell sorting and analysis of cell cultures was performed as described (25) .
Immunostaining. Cultures were fixed with 2% paraformaldehyde in PBS for 10 min, washed with PBS, and blocked with PBS containing 1% skim milk powder and Triton X-100. To stain endothelial colonies, cultures were incubated with a 1:100 dilution of unconjugated anti-mouse PECAM-1 mAb (PharMingen) in PBS containing 1% skim milk powder and Triton X-100. The following day, the cultures were washed with PBS containing Triton X-100 (PBST). Primary antibody was detected by goat anti-rat Ig conjugated to horseradish peroxidase used at a 1:100 dilution in PBST. After overnight incubation with secondary antibody, cultures were washed with PBST and horseradish peroxidase was visualized by using NBT͞BCIP color͞substrate (Roche, Gipf-Oberfrick, Switzerland). To stain cardiac muscle colonies, cultures were incubated with antiventricular myosin mAb overnight and washed, and antibody binding was detected by using goat anti-rat Ig conjugated to horseradish peroxidase.
For double-immunostaining, the cultures were fixed, blocked as described, and incubated overnight with mouse antiventricular myosin (1:10 dilution) and with either rabbit anti-GATA4 polyclonal antibody or goat anti-Nkx-2.5, both at a 1:20 dilution in PBS containing 1% skim milk powder and Triton X-100. Primary antibodies were detected after washes with PBST by using antimouse Ig Alexa Fluor 488 and either anti-goat Ig or anti-rabbit Ig conjugated to Alexa Fluor 594. All secondary antibodies were used at a 1:100 dilution in PBST. To prevent cross-reaction of the secondary steps, rabbit anti-goat Ig-Alexa Fluor 594 was added and unbound antibody was washed before the addition of goat antimouse-Alexa Fluor 488. Slides then were washed and mounted in ProLong antifade mountant (Molecular Probes). Micrographic pictures were taken with a Leica TCS SP2. ES cell clones had reduced levels of RBP-J compared with wild-type ES cells (Fig. 1) . When tested in a functional assay by transiently expressing a RBP-J-dependent reporter construct and activated Notch, RBP-J Ϫ/Ϫ clones did not show RBP-Jdependent transactivation unless RBP-J was exogenously expressed in the cells (Fig. 1) .
To confirm that observed effects depend on Notch/RBP-J signaling, RBP-J Ϫ/Ϫ ES cell clones were generated that expressed RBP-J or VP16-RBP-J, a transcriptionally active derivative of RBP-J, from a transgene. For our study, we needed to select a vector system that was capable of expression in primitive ES cells as well as all progenitor cells and intermediate and mature cell types produced during cardiogenic, hematopoietic, and endothelial differentiation. Because the pCAG-IP expression vector was shown to drive gene expression in undifferentiated and in differentiated ES cells (27, 31) , we chose to use this vector. Expression of transgene(s) throughout ES cell differentiation along the hematopoietic, endothelial, and cardiomyogenic lineages from the pCAG-IP expression vector was confirmed by using GFP as a marker gene (see Fig. 6 and Movie 1, which are published as supporting information on the PNAS web site, www.pnas.org). RBP-J Ϫ/Ϫ ES cell clones 24, 49, and 68 were transfected with the pCAG-IP expression vector driving expression of RBP-J or VP16-RBP-J, respectively, and stable cell lines were generated. As shown by Western blotting, expression of RBP-J was rescued in the transfected RBP-J Ϫ/Ϫ ES cell clones (Fig. 2) . Functionality of RBP-J and VP16-RBP-J then was tested in a reporter assay (Fig. 2) . In all of 46 clones analyzed, the transgenes were functional (Fig. 2 and data not shown) . For each original RBP-J Ϫ/Ϫ ES clone (24, 49, and 68), two subclones showing functional expression of RBP-J and VP16-RBP-J from the transgene, respectively, and two mock-transfected control clones then were chosen for further analysis.
For differentiation of ES cells, two techniques that allow the generation of hematopoietic, cardiomyogenic, and endothelial cells from ES cells were used. ES cells were induced to differentiate on collagen type IV-coated dishes for 4 days in the absence of leukemia inhibitory factor. Subsequently, Flk1 ϩ cells were purified by FACS and cocultured with OP9 stromal cells in the presence of hematopoietic cytokines. Alternatively, ES cells first were differentiated into PECAM-1 ϩ cells by coculture with OP9 stroma for 5 days in the absence of leukemia inhibitory factor. Purified PECAM-1 ϩ cells then were cocultured further on OP9. These techniques are thought to reflect the differentiation from lateral plate mesodermal (Flk1 ϩ ) and endothelialhematopoietic (PECAM-1 ϩ ) precursors.
In Vitro Cardiomyogenesis Is Increased in the Absence of RBP-J.
Mice with a null mutation in RBP-J exhibit, among other complex defects, pericardial edema and die early in embryonic development (14) . To ask whether these malformations result from alterations in cardiogenic development, wild-type, RBP-J ES cell clones expressing VP16-RBP-J, we observed increased cell death and differentiation in the transfected cultures (data not shown). Thus, it is possible that ES cells carrying mutations that render them incapable of differentiating were selected during the establishment of stable VP-16-RBP-J-expressing cell lines. The increased cell death during selection may be due to the relatively toxic effects of the VP16-RBP-J fusion protein, which carries the strong viral transactivation domain, VP16. Whether the increased differentiation occurring initially in the VP16-RBP-Jtransfected ES cell cultures results from the VP16-RBP-J fusion protein or from the transcriptionally active RBP-J remains to be addressed. Because the capacity of VP16-RBP-J-expressing ES cells to differentiate into mesodermal precursor cells was impaired, conditional systems will be necessary to define the consequences of Notch͞RBP-J signaling on differentiation beyond lateral plate mesodermal precursors.
Next, we analyzed whether the lack of RBP-J influences the development of cardiac muscle cells from mesodermal (Flk1 ϩ ) cells. To do this, Flk1 ϩ cells derived from ES cells were cultured further on OP9, and the number of spontaneously contracting colonies generated after 6 days was determined. To ensure that the beating cells within the colonies were cardiomyocytes and not skeletal or smooth muscle cells, the colonies were stained for expression of cardiac-specific ventricular myosin, a contractile protein considered a marker of myocardial differentiation, and for GATA4 and Nkx-2.5, two markers of the early heart field (32-34). As shown by double-immunofluorescence staining, the cells within the beating colonies expressed both cardiac-specific ventricular myosin and GATA4 or Nkx-2.5, respectively (Fig. 3A) . In the absence of RBP-J, the number of cardiac muscle colonies generated from Flk1 ϩ cells on OP9 cells was increased considerably (Fig. 3 B  and C) . In RBP-J Ϫ/Ϫ ES cells expressing RBP-J from the transgene, repression over the cardiogenic pathway was restored (Fig. 3D) .
Thus, these results demonstrate that RBP-J is critically involved in the regulation of cardiomyogenic differentiation in mammals. In addition to a RBP-J-mediated block of skeletal muscle differentiation by activated Notch (26), RBP-J-independent signaling from Notch has been described (35) (36) (37) . Whether such a RBP-Jindependent pathway also functions during cardiogenesis remains to be addressed. Our observation that the absence of RBP-J leads to an increase in cardiac muscle development is consistent with recent experiments in Xenopus (12) , showing that Notch͞RBP-J signaling is necessary to specify cell fates within the heart field by suppressing cardiomyogenic differentiation. Cardiac defects are common in patients with Alagille syndrome, a disease caused by autosomal-dominant mutations in the gene coding for the Notch receptor Jagged1 (38) . How these cardiac defects arise, however, is unknown. The in vitro model for mammalian cardiomyogenic development described here offers a valuable tool with which to dissect the role of Notch signaling in cardiac defects, such as in Alagille syndrome. megakaryocytes, and B lymphoid cells were identified in cultures of RBP-J Ϫ/Ϫ cells (Fig. 4) as in control cultures of cells expressing RBP-J (data not shown). Thus, the data presented here show, in line with previous reports that used mice carrying an induced deletion of Notch or RBP-J in adult bone marrow cells (19, 39) , that RBP-J is not essential for the development of hematopoietic cells. Furthermore, our work suggests that the Notch͞RBP-Jsignaling pathway also is not required for hematopoietic development during embryogenesis. Next, we asked whether embryonic hematopoietic-endothelial development from RBP-J Ϫ/Ϫ ES cells was altered. Although the morphology of the hematopoietic colonies revealed a normal appearance and cell type distribution, the number of colonies generated from endothelial-hematopoietic (PECAM-1 ϩ ) precursors was reduced in RBP-J Ϫ/Ϫ clones (Fig. 5) . The low hematopoietic colony formation, however, was maintained when RBP-J Ϫ/Ϫ ES cells expressing RBP-J from the transgene were differentiated on OP9 (Fig.  5 ). This suggests that the differences in colony formation reflect clonal variances and that hematopoietic development is largely unaffected by the absence of RBP-J.
RBP-J Is Not Essential for the Generation of Endothelial and
Endothelial colonies derived from endothelial-hematopoietic (PECAM-1 Taken together, our data suggest a role for Notch͞RBP-J signaling at various stages during mesodermal development, before and at the specification of mesodermal progenitors. A more precise temporal and dosage control of Notch͞RBP-J activity achieved by induced deletion and͞or activation of RBP-J in the relevant cell types in vivo will clarify further the involvement of RBP-J-mediated Notch signals in mesodermal development. 
